In this paper, modelling details have been investigated for a multiphase settling process in a two-dimensional particle-laden flow. Unsteady simulations have been performed by using an Eulerian-Eulerian multiphase approach. A preliminary mesh sensitivity study showed that the numerical results might become oscillatory when the grid spacing is comparable with the solid particle diameter, which indicates that excessive mesh refinement is undesirable. In these multiphase flows, the interaction between the fluid and solid phases is modelled relying on purely heuristic arguments, which is a major source of uncertainties. Therefore fluid-solid exchange and drag coefficient models have been compared and assessed in terms of their accuracy. Since the ANSYS-FLUENT commercial software package provides only a few of these approaches, the majority of the models have been implemented through User-Defined Functions (UDFs) in C programming language. The results showed that the choice of an exchange model has considerable impact on the solution and the best agreement has been achieved by employing the formulation proposed by Schiller and Naumann [8] . However, only minor differences have been experienced between the distinct drag models for this specific problem due to their similar behaviour over the investigated settling Reynolds number range.
INTRODUCTION
The presence of additional phases in the primary continuum is common in industrial flows, so accurate predictions of multiphase flows is of interest in various computational fluid dynamics (CFD) applications. The currently investigated solid particle sedimentation in a liquid tank, which is also called as a fluid-solid interaction type problem, is not an exception. Batchelor [1] and Balakin et al. [2] published comprehensive investigations on the underlying physics of settling spherical particles in a sedimentation process with the integration to the EulerianEulerian approach. In the work of Sobiesk [3] , the importance of drag modelling is outlined for systems where spherical particles move in fluid flow. These authors highlighted that the computation of these systems also introduces uncertainties, because all parameters of the process such as the interaction between different phases are modelled relying on purely heuristic arguments. In the present work, we provide an overview on the Eulerian-Eulerian multiphase simulation capabilities for the aforementioned physical problem. Several interphase exchange models have been compared including the formulations of Gibilaro et al. [5] , Gidaspow et al. [6] , Huilin and Gidaspow [7] , Schiller and Naumann [8] , Syamlal and O'Brien [9] , and Wen and Yu [10] . Almost all of these models explicitly depend on the drag coefficient, therefore the drag models of Brown and Lawler [11] , Cheng [12] , Clift and Gauvin [13] , Dalla Valle [14] , Flemmer and Banks [15] , Morsi and Alexander [16] , and Orzechowski-Prywer [17] have been reviewed in the present paper.
PROBLEM FORMULATION
The sedimentation process in a two-dimensional multiphase solid-fluid particle laden flow has been investigated. A square-shaped tank with width of x/H = 1.0 and height of y/H = 1.0 has been considered, where H is the characteristic length. The initial homogeneous suspension of sand with volume fraction of = 0.1 is mixed with water from y/H = 0.0 to y/H = 0.8. The rest of the volume is filled with water (see Figure 1 .1). The gravel with particle diameter of d/H = 2 • 10 −3 settles to the bottom of the tank through gravitational acceleration. The water-and sand densities have been chosen as = 1000 / 3 and = 2500 / 3 , respectively. 
GOVERNING EQUATIONS AND NUMERICAL METHODS

THE EULERIAN-EULERIAN MODEL
For modelling multiphase flows by employing the Eulerian-Eulerian approach, the phases are modelled as inter-penetrating and interacting continua on a shared computational domain. The momentum equation is solved for each phase and the interactions between different phases appear as additional source terms. The modified forms of the continuity and the momentum equations can be written as (2.1) where the momentum exchange term can be expressed as (2. 3)
The right-hand side of the continuity equation (2.1) is equal to zero, because there is no mass transfer rate taken into account for the investigated particle sedimentation case, thus the source term vanishes. The momentum equation (2.2) is solved with additional terms representing the momentum exchange (2.3) between the considered phases. It is important to mention that for modelling multiphase flows, these exchange terms cause the majority of uncertainties, because it includes parameters that are formulated relying on experiments and/or mathematical assumptions.
FLUID-SOLID EXCHANGE COEFFICIENTS
The momentum exchange term in Eq. (2.3) explicitly depends on the fluid-solid exchange coefficient , which has to be calibrated to take into account the momentum exchange between the phases. Therefore fluid-solid type models have been considered in the present work proposed by Gibilaro et al. [5] , Gidaspow et al. [6] , Huilin-Gidaspow [7] , Schiller-Naumann [8] , Syamlal-Obrien [9] , and Wen-Yu [10] . The corresponding expressions for are summarized in Table 2 .1. Exchange model Expression Gibilaro et al. [5] Gidaspow et al. [6] Huilin-Gidaspow [7] Schiller-Naumann [8] Syamlal-Obrien [9] Wen-Yu [10] 
DRAG COEFFICIENTS
It can be seen in Table 2 .1 that the fluid-solid exchange coefficient formulations are functions of the drag coefficient ( ), which is another critical point of an accurate simulation for modelling the sedimentation process. The widely employed drag coefficient models have been summarized in Table 2 .2. It is important to note that the drag coefficient can be written in different mathematical forms, all of them depend on the relative Reynolds number which can be expressed as (2.7) where the velocity differences between the phases appear in the numerator. A preliminary analysis of the sedimentation problem showed that the maximal relative Reynolds number can be estimated as , = 4000. In consequence of this, the drag coefficient functions have been shown in Figure 2 .2 over the relative Reynolds number interval of interest. Note that all formulations show similar numerical behaviour up to = 10 except the Orzechowski-Prywer model [17] . When the dispersion is higher, deviations can also be expected at higher sedimentation rates. Cheng [12] Clift-Gauvin [13] Dalla Valle [14] Flemmer-Banks [15] Morsi-Alexander [16] OrzechowskiPrywer [17] Schiller- 
NUMERICAL SIMULATION SETUP
Unsteady Eulerian-Eulerian simulations have been carried out by employing an implicit time-stepping algorithm. Uniform quadrilateral meshes have been used for a grid sensitivity study (see Figure 2. 3). The most important mesh parameters have been summarized in Table 2 
RESULTS AND DISCUSSION
The volume fraction distribution of the secondary phase ( ) has been investigated at the x/W = 0.5 location along the y-coordinate direction at three dimensionless time levels (t = 1,2,3). Reference data were provided by Youngs [18] relying on the Eulerian/Lagrangian TURMOIL code. The overall model performances have been assessed by means of the 0 and 1 norms of the solid-phase volume fraction as (3.1) where , denotes the reference TURMOIL values provided by Youngs [18] .
RESULTS OF THE GRID SENSITIVITY STUDY
The results of the grid sensitivity study have been shown in Figure 3 .1. By refining from the Coarse to Fine mesh, the accuracy of the solution is gradually improved. However, as the grid spacing becomes comparable with the particle diameter (Finer mesh), the solution becomes oscillatory. Balakin et al. [2] highlighted that this phenomenon is related to the modelling of granular flows, and the grid spacing has to be chosen appropriately to ensure the physical validity of the computations. Thus, the numerical investigations have been carried out by using the Fine configuration.
PREDICTION OF THE INTERPHASE EXCHANGE COEFFICIENT
Different interphase exchange-models, described above, have been employed in conjunction with drag coefficient models in terms of numerical accuracy. Figure 3 .2 indicates obvious differences between various formulations. The model equations of Gibilaro et al. [5] , Gidaspow et al. [6] , Huilin-Gidaspow [7] , Syamlal-Obrien [9] and Wen-Yu [10] produced significant discrepancy from the reference data [18] by predicting a lower sedimentation speed. In addition this, the theoretically maximal sand volume fraction of = 1.0 was considerably underestimated in certain cases (see Figure 3. 2). The norms of the numerical results confirm these findings in a quantitative way (see Table 3 .1). The best agreement was achieved by employing the Schiller-Naumann [8] model, therefore it was used for further computations. [18] for the Schiller-Naumann model [8] . Table 3 .2: 0 and 2 norms for the interphase exchange coefficient analysis. [5] 0.2594 0.6089 0.2509 0.6538 0.5337 1.0156 Gidaspow et al. [6] 0 
DRAG MODEL ASSESSMENT
Drag coefficient models have been investigated by employing the SchillerNaumann [8] exchange model due to its numerical accuracy for the sedimentation problem presented in this paper (see Figure 3. 2). The overall discrepancy between different models is lower than in the previous results (see Figure 3.3) . This is due to the fact that the distinct functions results exhibit very similar characteristics in the investigated relative Reynolds number range. However, the qualitative measures indicate that the drag model of Brown and Lawler [11] slightly overperformed compared to the other models (see Table 3 .3). Figure 3 .2: Predicted sand volume fraction distributions along the y-axis for various momentum exchange models compared to the reference TURMOIL data [18] . Table 3 .3: 0 and 2 norms for the drag coefficient analysis.
0.2439 0.4912 0.2101 0.4602 0.3460 0.6519 Cheng [12] 0 
CONCLUSIONS
In this paper, an overview of possible tools is provided for simulating the settling process in a tank filled with mixture of water and sand particles. A comparative analysis have been carried out regarding grid spacing, interphase-exchange models and drag function models, and the results were compared to reference data in [18] . The analysis reflected that the grid refinement is effective up to a certain level, however excessively fine meshes produce instability in the numerical solution. It has also been shown that the choice of interphase-exchange model has strong impact on the solution accuracy. The model of Schiller-Naumann [8] was proven to be the most accurate for the presented sedimentation problem. The investigated drag function models produced small differences, because their behaviour is similar over the relative Reynolds number of interest. The drag model of Brown-Lawler [11] produced the best agreement with reference data [18] in this particular case.
